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Field dependent quasipartiles in a strongly orrelated loal system II
J. Bauer and A.C. Hewson
Department of Mathematis, Imperial College, London SW7 2AZ, United Kingdom
(Dated: November 13, 2018)
We extend the renormalized quasipartile desription of the symmetri Anderson model in a mag-
neti eld H , developed in earlier work, to the non-symmetri model. The renormalized parameters
are dedued from the low energy NRG xed point for arbitrary eld values. We nd quasipartile
resonane widths, ∆˜σ(H), whih depend in general on the spin σ as well as H . The low tempera-
ture stati properties an be expressed ompletely in terms of these parameters, whih an also be
used as inputs for a renormalized perturbation theory. We show that taking into aount repeated
quasipartile sattering gives results for the longitudinal and transverse dynami spin suseptibilities
whih are in very good agreement with those obtained from diret NRG alulations.
PACS numbers: 72.15.Qm, 75.20Hr, 73.21.La
I. INTRODUCTION
In an earlier paper
1
(hereafter referred to as I), we
showed how the low energy behavior of the partile-hole
symmetri Anderson impurity model
2
an be desribed
in terms of eld-dependent quasipartiles. This model is
haraterized by the three independent parameters, εd,
the impurity level, ∆, the broadening of this level due
to the hybridization with ondution eletrons, and U ,
the interation at the impurity site. In the absene of
a magneti eld, it was shown earlier
3,4,5
that the low
energy behavior an be desribed by an eetive version
of the same model with three orresponding renormal-
ized parameters, ε˜d, ∆˜, and U˜ . Subsequently, this ap-
proah was extended to inlude a magneti eld H , and
the parameters were then found to be eld-dependent,
ε˜d,σ(H), ∆˜σ(H), and U˜(H). One way to alulate these
parameters is from the low energy exitations of the nu-
merial renormalization group (NRG) xed point whih
was used in the earlier paper I. A strong magneti eld
tends to freeze the spin utuations and leads to a de-
renormalization of the quasipartiles. On inreasing the
eld from zero in the strong oupling ase the parameters
for the quasipartiles slowly revert to their unorrelated
mean eld values in the extreme high eld limit.
The renormalized parameters are not just a onvenient
way of desribing the low energy behavior; they om-
pletely speify the model. A renormalized perturbation
theory (RPT) an be set up in whih the free propagators
orrespond to fully dressed quasipartiles
6,7
. This for-
malism is partiularly eetive for desribing the Fermi
liquid regime, as only diagrams up to seond order have
to be taken into aount to obtain asymptotially exat
results for the T = 0 suseptibilities, and the leading T 2
term in the ondutivity (I). This perturbation expansion
is not restrited to the low energy and low temperature
regime, and an be used for alulations on all energy
sales. We have shown that a very good desription of
the T = 0 spin and harge dynamis for the Anderson
model in the Kondo regime an be obtained by summing
the RPT diagrams for repeated quasipartile sattering
8
.
The results give an aurate desription of the spin and
harge suseptibilities for arbitrary magneti eld val-
ues H , and for frequenies ω extending over a range sig-
niantly larger than the Kondo temperature TK. The
Korringa-Shiba relation
9
and the sum rules for the spe-
tral density are satised.
In this paper we show that this approah an be ex-
tended to the non-symmetri Anderson model. There are
signiant dierenes in this ase, as the parameters a-
quire a spin dependene, and formulae given earlier have
to be generalized.
II. THE NON-SYMMETRIC ANDERSON
MODEL IN A MAGNETIC FIELD
The Hamiltonian for the Anderson model
2
is
HAM =
∑
σ
εd,σd
†
σdσ + Und,↑nd,↓ (1)
+
∑
k,σ
(Vk,σd
†
σck,σ + V
∗
k,σc
†
k,σdσ) +
∑
k,σ
εk,σc
†
k,σck,σ ,
where εd,σ = εd − σgµBH/2 is the energy of the loal-
ized level at an impurity site in a magneti eld H , U
the interation at this loal site, and Vk,σ the hybridiza-
tion matrix element to a band of ondution eletrons
of spin σ with energy εk,σ − σgcµBH/2, where gc is the
g-fator for the ondution eletrons. When U = 0 the
loal level broadens into a resonane, orresponding to
a loalized quasi-bound state, whose width depends on
the quantity ∆σ(ω) = pi
∑
k |Vk,σ|
2δ(ω − εk,σ). For the
impurity model, where we are interested in universal fea-
tures, it is usual to take a wide ondution band with a
at density of states so that ∆σ(ω) beomes independent
of ω, and an be taken as a onstant ∆σ. In this wide
band limit ∆σ(ω) will be independent of the magneti
eld on the ondution eletrons, so we an eetively
put gc = 0. When this is the ase ∆σ is usually taken to
be a onstant ∆ independent of σ.
In the renormalized perturbation theory approah
6,7
we ast the orresponding Lagrangian for this model
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FIG. 1: (Color online) Plots of the renormalized parame-
ters, ∆˜↑(h)/∆, ∆˜↓(h)/∆, ε˜d(h)/pi∆, U˜(h)/U , η˜(h), for the
asymmetri Anderson model, with pi∆ = 0.1, U/pi∆ = 2 and
εd/pi∆ = −0.3, as a funtion of the logarithm of the magneti
eld h/pi∆. The ratio ∆˜↓(h)/∆˜↑(h) is also shown.
LAM(εd,σ,∆, U) into the form,
LAM(εd,σ,∆, U) = LAM(ε˜d,σ, ∆˜σ, U˜) + Lct(λ1, λ2, λ3),
(2)
where the renormalized parameters, ε˜d,σ and ∆˜σ, are de-
ned in terms of the self-energy Σσ(ω) of the one-eletron
Green funtion for the impurity state,
Gσ(ω) =
1
ω − εdσ + i∆− Σσ(ω)
, (3)
and are given by
ε˜d,σ = zσ(εd,σ +Σσ(0)), ∆˜σ = zσ∆, (4)
where zσ is given by zσ = 1/(1− Σ
′
σ(0)). The renormal-
ized or quasipartile interation U˜ , is dened in terms
of the loal total 4-vertex Γ↑↓(ω1, ω2, ω3, ω4) at zero fre-
queny,
U˜ = z↑z↓Γ↑↓(0, 0, 0, 0). (5)
It will be onvenient to rewrite the spin dependent quasi-
partile energies in the form, ε˜d,σ = ε˜d(h) − σhη˜(h),
where
ε˜d(h) =
1
2
∑
σ
ε˜d,σ, η˜(h) =
1
2h
∑
σ
σε˜d,σ (6)
where ε˜d(h) and η˜(h) are both even funtions of the mag-
neti eld h = gµBH/2.
The renormalized perturbation expansion is in pow-
ers of the renormalized interation U˜ for the omplete
Lagrangian dened in equation (2). The ounter term
part of the Lagrangian Lct(λ1, λ2, λ3) essentially takes
are of any overounting. The parameters, ε˜d,σ, ∆˜σ and
U˜ , have been taken to be the fully renormalized ones.
The most eetive way of estimating them in this ase
is from the energy levels of a numerial renormalization
group (NRG) alulation
3,5
. However, the approah it-
self is independent of the NRG, and the parameters an
be dedued in other ways, for instane from experiment.
The ounter term parameters, λ1, λ2 and λ3, are required
to anel any further renormalization, and are ompletely
determined by this ondition
6,7
.
In gure 1 we display some typial results for renor-
malized parameters as a funtion of the magneti eld
on a log sale. For this plot we have taken bare pa-
rameters εd/pi∆ = −0.3 and U/pi∆ = 2, orrespond-
ing to a impurity oupation in the absene of a eld,
〈nd,σ〉 = n(0)/2 ∼ 0.35. With these values the param-
eters are strongly renormalized for h = 0. The over-
all trend as a funtion of h is very similar to that for
the partile-hole symmetri ase (I) in the strong ou-
pling regime, with the parameters onverging to the mean
eld values in the limit h → ∞. We do see, how-
ever, that the resonane widths beome spin dependent,
∆↑(h) 6= ∆↓(h), exept asymptotially as h → 0 and
h → ∞. We note that, though ∆˜↑(h) inreases mono-
tonially with inrease of h, ∆˜↓(h) initially dereases. In
this ase, where the impurity level is less than half-lled,
the ratio ∆˜↑(h)/∆˜↓(h) ≥ 1. This ratio is reversed, so
∆˜↑(h)/∆˜↓(h) ≤ 1, when the impurity level is more than
half-lled.
III. STATIC RESPONSE FUNCTIONS
One the renormalized parameters have been deter-
mined, the stati impurity response funtions an be
evaluated diretly by substituting into the relevant ex-
at formula. This is a more diret way of alulating
these response funtions than the usual NRG way, whih
involves a subtration proedure to estimate the impu-
rity omponent
10,11,12
. The formulae in the absene of
a magneti eld
3
, and for the symmetri model in the
presene of a eld, were given earlier (I). Here, we give
the generalizations for the non-symmetri model. The in-
dued magnetizationM(h) is given byM(h) = gµBm(h),
where
m(h) =
1
2
(nd↑ − nd↓) =
−1
2pi
∑
σ
σ tan−1
(
ε˜dσ(h)
∆˜σ(h)
)
, (7)
whih an be derived from the Friedel sum rule. The
longitudinal suseptibility χl(h) (in units of (gµB)
2
) is
given by
χl(h) = 0.25(ρ˜↑(0, h) + ρ˜↓(0, h) + U˜(h)ρ˜↑(0, h)ρ˜↓(0, h)),
(8)
where ρ˜σ(ω, h) is the free quasipartile density of states
given by
ρ˜σ(ω, h) =
1
pi
∆˜σ(h)
(ω − ε˜d,σ(h))2 + ∆˜2σ(h)
. (9)
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FIG. 2: (Color online) The indued magnetization m(h) as
a funtion of the logarithm of the magneti eld h for the
asymmetri Anderson model with the same set of parameters
as given in gure 1. The dashed urve is that alulated
from the diret evaluation of the oupation values from the
NRG ground state, and the full urve is that dedued from
the renormalized parameters in equation (7). Also shown is
the average oupation n(h)/2 as alulated from the NRG
ground state (dashed urve) and the quasipartile oupation
values (full urve) as given in equation (11).
The orresponding transverse suseptibility χt(h) (zero
applied eld limit in the transverse diretion) is given by
χt(h) =
m(h)
2h
. (10)
The total oupation of the impurity site n(h) = (nd↑ +
nd↓) an be derived similarly, and is given by
n(h) = 1−
1
2pi
∑
σ
tan−1
(
ε˜dσ(h)
∆˜σ(h)
)
, (11)
and the loal harge suseptibility χc(h) is given by
χc(h) = 0.25[ρ˜↑(0, h) + ρ˜↓(0, h)− U˜(h)ρ˜↑(0, h)ρ˜↓(0, h)].
(12)
To illustrate the magneti eld dependene of these
stati response funtions, we evaluate these formulae in
a partiular ase using the eld dependent renormalized
parameters given in gure 1. The results are ompared
with those obtained by a evaluation of stati expetation
values using the NRG. In all subsequent alulations in
this paper, we onentrate on this same set of bare pa-
rameters, εd/pi∆ = −0.3 and U/pi∆ = 2.
Shown in gure 2 is the result for m(h) dedued from
equation (7), ompared with results obtained by the di-
ret evaluation of the d-site oupation values in the
ground state as determined from the NRG. There is a
small but systemati dierene, of the order of 2%, be-
tween the two sets of results. This dierene ould be
due to the fat that we assume an innite bandwidth
in the derivation of these formulae, whereas we take a
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FIG. 3: (Color online) The longitudinal and transverse impu-
rity site suseptibilities, χl(h) and χt(h), as a funtion of the
logarithm of the magneti eld h. χl(h) is alulated from
equation (8) and χt(h) = m(h)/2h.
nite band width 2D, with D = 1 in the NRG alu-
lations. The orresponding estimates of the average o-
upation number n(h)/2 as a funtion of magneti eld
h are shown in the same gure. For this quantity the
two sets of results are almost indistinguishable. In the
extreme large eld limit the average oupation of the
impurity level tends to unity, as the majority spin level
gets pulled further and further below the Fermi level,
and the impurity beomes ompletely polarized. In this
regime the average renormalized level, ε˜d, approahes the
mean eld value, ε˜d = εd + 0.5Un(h), rather than the
bare value εd, while the other renormalized quantities
approah their bare values.
The longitudinal and transverse spin suseptibilities,
χl(h) and χt(h), are plotted in gure 3 as a funtion of
the logarithm of the magneti eld h. χl(h) is alulated
from equation (8) and χt(h) = m(h)/2h as alulated
from equation (7). They should asymptotially onverge
to the same result in the limit h→ 0. There seems to be
a very small disrepany, of about 1%, between the two
estimates in this limit. This ould be due to evaluating
the ratio in equation (10) for very small values of the
eld.
We now look at the behavior of the orresponding dy-
nami response funtions.
IV. DYNAMIC RESPONSE FUNCTIONS
A. Single partile spetra
It is of interest to see how well the free quasipar-
tile density of states given in equation (9) ompares
with the spetral density ρσ(ω) alulated from the NRG
for eah spin type in the presene of a eld. The
NRG spetra are alulated from the self-energy follow-
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FIG. 4: (Color online) The spetral density for the spin up
(majority) eletrons ρ↑(ω,h) (full urve) and spin down (mi-
nority) eletrons ρ↓(ω, h) (dashed urve) at T = 0 as a fun-
tion of ω for h/pi∆ = 0.001 (upper panel) and h/pi∆ = 0.04
(lower panel). The two urves on the upper panel are almost
oinident on the sale shown. Also shown are the orrespond-
ing quantities derived from the free quasipartile densities of
states, z↑ρ˜↑(ω) (dot-dashed) and z↓ρ˜↓(ω) (dotted).
ing the presription given in
13
, and we have also used
the improved method
14,15
based on the omplete Anders-
Shiller basis
16
.
In gure 4 (upper panel) we show ρ↑(ω) and ρ↓(ω), as
alulated from the NRG, for the eld h/pi∆ = 0.001.
We see that in this relatively weak eld that there are
only a small dierenes between the two spetral densi-
ties; they are almost oinident on the sale shown. The
orresponding quantities derived from the free quasipar-
tile densities of states, z↑ρ˜↑(ω) and z↓ρ˜↓(ω), are shown
in the same gure.
In gure 4 (lower panel) we make a similar omparison
for a large eld h/pi∆ = 0.04, and the same set of bare
parameters. The polarization is muh stronger for this
higher magneti eld value and there is now a marked
dierene between the two spetral densities for the two
spin types. The spetra derived from the free quasiparti-
U t
~
FIG. 5: Repeated sattering of a quasipartile with spin ↑
and a quasihole with spin ↓ via the eetive interation U˜t.
les, an be seen to desribe the spetrum in the immedi-
ate viinity of the Fermi level for both spin types. They
annot desribe the dierene in the heights of the peaks
of the two spin types, beause in these simple Lorentzian
formula the height of peaks in the quasipartile weighted
spetra are independent of H and the spin and given by
1/pi∆. Note that the desription of the low frequeny
range an be extended within the renormalized pertur-
bation theory frame work by inluding a self-energy or-
retion in the quasipartile density of states as shown in
the partile hole symmetri ase
17
.
In the next setion we look beyond the simple free
quasipartile piture and take aount of the leading
quasipartile sattering terms.
B. Dynami spin suseptibilities
The leading orretions to the two partile dynami
response funtions to the free quasipartile piture in
the renormalized perturbation theory arise from the dia-
grams with repeated quasipartile sattering. In gure 5
we illustrate this type of diagram for the sattering of a
free up spin quasipartile with a free down spin quasihole.
Suh a diagram ontributes to the transverse dynami
suseptibility χt(ω, h) in the presene of the magneti
eld. We derived a quasipartile interation term U˜(h)
earlier, but this is not the interation term we need in
onsidering this diagram, as this orresponds to the to-
tal 4-vertex, Γ˜↑↓(0, 0, 0, 0), whih has impliitly inluded
this sattering for ω = 0. What we use is the irreduible
partile-hole interation at zero frequeny in this han-
nel, whih we denote by U˜t(h). The dynami transverse
suseptibility χt(ω, h), is then given by
χt(ω, h) =
χ˜↑↓(ω, h)
1− U˜t(h)χ˜↑↓(ω, h)
, (13)
where χ˜↑↓(ω, h) is the transverse spin suseptibility of the
free quasipartile. The analyti expression for χ˜↑↓(ω, h)
is given in the appendix.
To nd the unknown quantity U˜t(h) we use the fat
that this series for ω = 0 gives the stati transverse sus-
eptibility whih we have alulated already, and is given
in equation (10). Hene, omparing (13) for ω = 0 with
5equation (10) yields
U˜t(h) =
1
m(h)


4h˜2 + (∆˜↑ − ∆˜↓)
2
4h˜+
(∆˜↑−∆˜↓)
2pim(h) ln
(
(h˜−ε˜d)2+∆˜2↑
(h˜+ε˜d)2+∆˜2↓
) − h

 ,
(14)
where h˜ = hη˜(h), and m(h) is given in equation (7).
This expression simplies in the ase, ∆˜↑ = ∆˜↓, to give
U˜t(h) = (h˜ − h)/m(h), whih is the same as that used
earlier
8
.
Now we test how well these formulae desribe the spin
dynami response over the relevant frequeny range. To
do this we ompare the preditions based on the RPT
formula (13) with those obtained from a diret NRG eval-
uation.
The imaginary part of the transverse dynami susep-
tibility is shown in gure 6 (upper panel) for a magneti
eld value h/pi∆ = 0.001. The dashed urve is that from
a diret NRG evaluation
18,19
and the full urve is that
alulated using equation (13), with the orresponding
renormalized parameters. There is very good agreement
between the two sets of results.
Results for the imaginary part of χt(ω, h) for the eld
value h/pi∆ = 0.04 are shown in gure 6 (lower panel).
In this stronger eld one of the peaks is suppressed while
the other peak is enhaned. The peak positions are in
good agreement, and the slightly broader peak from the
NRG data an be attributed to the logarithmi broaden-
ing used in the diret NRG evaluation. There is a sum
rule, that the total spetral weight is equal to −2m(h),
whih is satised preisely both in the RPT result and
also in the NRG alulation, as we have used the im-
proved presription for the response funtions based on
the omplete Anders-Shiller basis.
In a similar way, we an alulate the longitudinal
dynami suseptibility χl(ω, h) from repeated sattering
of the spin up and spin down quasipartiles. The ir-
reduible zero frequeny interation in this hannel we
denote by U˜l(h), and determine it from the ondition,
χl(0, h) = χl(h), using equation (8). The results for
χl(ω, h) is
χl(ω, h) = (15)
χ˜↑↑(ω, h) + χ˜↓↓(ω, h) + 4U˜l(h)χ˜↑↑(ω, h)χ˜↓↓(ω, h)
2(1− 4U˜2l (h)χ˜↑↑(ω, h)χ˜↓↓(ω, h))
,
where the analyti expression for χ˜σσ(ω, h) is given in the
Appendix. Equation (15) is a generalization to our earlier
result
8
for the partile-hole symmetri model. The zero
frequeny irreduible partile-hole vertex U˜l(h) in this
sattering hannel is given by
U˜l(h) =
−1 +
√
[1 + U˜2(h)(ρ˜↑ + ρ˜↓)]2 − U˜2(h)(ρ˜↑ − ρ˜↓)2
2(ρ˜↑ + ρ˜↓ + U˜(h)ρ˜↑ρ˜↓)
,
(16)
where we have simplied the notation, ρ˜σ(0, h) = ρ˜σ. In
the absene of a magneti eld, or with a magneti eld
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FIG. 6: (Color online) The imaginary part of the transverse
dynami suseptibility, χt(ω,h) at T = 0 as a funtion of ω,
for h/pi∆ = 0.001 (upper panel) and h/pi∆ = 0.04 (lower
panel). The dashed urve is alulated from a diret NRG
alulation and the full urve from equation (13) with the
renormalized parameters.
for the partile-hole symmetri model, ρ˜↑ = ρ˜↓, the result
simplies to U˜l(h) = U˜(h)/[1+ U˜(h)ρ˜(0, h)], whih is the
value used in the earlier work
8
.
The imaginary part of the longitudinal dynami spin
suseptibility in the weak eld ase, h/pi∆ = 0.001, is
similar to that for the transverse ase shown in gure 6
(upper panel), apart from an overall fator of 2, so we
do not show he results here. The stronger eld ase,
h/pi∆ = 0.04, is shown in gure 7.
Due to the stronger magneti eld, the heights of the
peaks are slightly redued as ompared with the results
for h/pi∆ = 0.001, but the overall features are very sim-
ilar. The Korringa-Shiba relation does not hold for the
model without partile-hole symmetry in the presene of
a magneti eld. Where it does hold, in the absene of
a eld, or with partile-hole symmetry, the renormalized
perturbation expression satises it exatly
8
.
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FIG. 7: (Color online) The imaginary part of the longitudinal
dynami suseptibility, χl(ω,h) at T = 0 as a funtion of ω
for (h/pi∆ = 0.04).
V. SUMMARY AND DISCUSSION
In this paper we have extended our earlier work I,
where we desribed the low energy behavior of the sym-
metri Anderson model in a magneti eld h in terms of
eld-dependent renormalized quasipartiles, to the non-
symmetri Anderson model. The main new feature that
emerges is the dependene of the quasipartile peak res-
onane width ∆˜σ(h) on the spin type σ as well as on
the value of the magneti eld. The T = 0 spin and
harge suseptibilities an be expressed as exat formu-
lae in terms of the parameters ∆σ(h), ε˜d,σ(h) and a lo-
al eld dependent interation between the quasipartiles
U˜(h). Based on these parameters the low temperature
behavior of the model, suh as the suseptibilities and
ondutane, in the presene of the eld ould be alu-
lated as desribed for the symmetri model in I. It was
also demonstrated earlier that an exellent desription of
the low energy spin dynamis an be obtained for the
symmetri model
8
based on approximate formulae whih
take into aount repeated quasipartile sattering in the
RPT. Here these results have been generalized to the non-
symmetri model for the transverse and longitudinal spin
suseptibilities, whih again agree remarkably well with
those obtained from a diret NRG alulation.
What may seem surprising at rst is that the results
for the dynami suseptibilities, based on the repeated
quasipartile sattering, agree so well over the full range
of ω, whereas the free quasipartile density of states only
desribes the single eletron spetral densities well only in
the immediate region of the Fermi level. However, as dis-
ussed in I, the quasipartile density of states ρ˜σ(ω), sur-
vives in the limit zσ → 0, when it beomes a delta fun-
tion desribing a free spin. For very small zσ the prod-
ut zσ ρ˜σ(ω), makes very little ontribution to the spe-
tral density ρσ(ω), exept near the Fermi level. Hene
in the strong orrelation regime, when zσ is very small,
it would appear to be more appropriate to interpret the
quasipartile as desribing a spinon exitation. Beause
the dominant low energy exitations are spinons, as is
known from the Bethe ansatz solutions for the Kondo
model
20,21
, then it is not so surprising that they provide
a good desription of the spin dynamis.
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VI. APPENDIX
The free quasipartile dynami suseptibility χ˜σ,σ′(ω)
for the impurity model in the wide band limit, ∆˜↑ = ∆˜↓,
were given earlier
8
. Here we give the more general results
for ∆˜↑ 6= ∆˜↓,
χ˜σ,σ(ω) =
−1
piω
∆˜σ
ω − 2i∆˜σ
∑
α=−1,1
ln
(
1−
ω
αε˜d,σ + i∆˜σ
)
,
(17)
for ω > 0, and for ω = 0,
χ˜σ,σ(0) = ρ˜σ(0). (18)
The values for ω < 0 follow from the fat
that Reχ˜σ,σ(ω) = Reχ˜σ,σ(−ω) and Imχ˜σ,σ(ω) =
−Imχ˜σ,σ(−ω). For σ
′ 6= σ,
χ˜↑,↓(ω) =
i/2pi
(ω + ε˜d,↓ − ε˜d,↑ + i∆˜↑ − i∆˜↓)
ln
(
ω − ε˜d,↑ − i∆˜↑
−i∆˜↓ − ε˜d,↓
)
+
i/2pi
(ω + ε˜d,↓ − ε˜d,↑ − i∆˜↑ + i∆˜↓)
ln
(
ω + ε˜d,↓ − i∆˜↓
−i∆˜↑ + ε˜d,↑
)
+
−i/2pi
(ω + ε˜d,↓ − ε˜d,↑ + i∆˜↑ + i∆˜↓)
×
×
[
ln
(
1 +
ω
i∆˜↑ − ε˜d,↑
)
+ ln
(
1 +
ω
i∆˜↓ + ε˜d,↓
)]
.
1
A. C. Hewson, J. Bauer, and W. Koller, Phys. Rev. B 73,
045117 (2006).
2
P. W. Anderson, Phys. Rev. 124, 41 (1961).
73
A. C. Hewson, A. Oguri, and D. Meyer, Eur. Phys. J. B
40, 177 (2004).
4
A. C. Hewson, The Kondo Problem to Heavy Fermions
(Cambridge University Press, Cambridge, 1993).
5
A. C. Hewson, J. Phys. So. Japan 74, 8 (2005).
6
A. C. Hewson, Phys. Rev. Lett. 70, 4007 (1993).
7
A. C. Hewson, J. Phys.: Cond. Mat. 13, 10011 (2001).
8
A. C. Hewson, J. Phys.: Cond. Mat. 18, 1815 (2006).
9
H. Shiba, Prog. Theor. Phys. 54, 967 (1975).
10
K. Wilson, Rev. Mod. Phys. 47, 773 (1975).
11
H. R. Krishna-murthy, J. W. Wilkins, and K. G. Wilson,
Phys. Rev. B 21, 1003 (1980).
12
H. R. Krishna-murthy, J. W. Wilkins, and K. G. Wilson,
Phys. Rev. B 21, 1044 (1980).
13
R. Bulla, A. C. Hewson, and T. Prushke, J. Phys.: Cond.
Mat. 10, 8365 (1998).
14
R. Peters, T. Prushke, and F. B. Anders, Phys. Rev. B
74, 245114 (2006).
15
A. Weihselbaum and J. von Delft (2006), ond-
mat/0607497.
16
F. B. Anders and A. Shiller, Phys. Rev. Lett. 95, 196801
(2005).
17
J. Bauer, A. C. Hewson, and A. Oguri, J. Magn. Magn.
Mat. 310, 1133 (2007).
18
O. Sakai, Y. Shimizu, and T. Kasuya, J. Phys. So. Japan
58, 3666 (1989).
19
T. A. Costi, A. C. Hewson, and V. Zlati¢, J. Phys.: Cond.
Mat. 6, 2519 (1994).
20
A. M. Tsvelik and P. B. Wiegmann, Adv. Phys. 32, 453
(1983).
21
N. Andrei, K. Furuya, and J. H. Lowenstein, Rev. Mod.
Phys. 55, 331 (1983).
